Using ab initio density-functional theory calculations we demonstrate the existence of a new class of carbon cages formed via hybrid connection between planar graphene sheets and carbon nanotubes. The resulting novel structure has the appearance of "nanodrum" and offers the exciting prospect of integrating useful device properties of both graphene as well as the nanotube into a single unit with tunable electronic properties. Creation of a hexagonal hole in the graphene portion of this structure results in significant magnetic moments for the edge atoms. The structure appears to be capable of sustaining ferrimagnetic state with the assistance of topological defects. DOI: 10.1103/PhysRevB.82.165454 PACS number͑s͒: 75.75.Ϫc, 71.15.Mb, 73.20.Ϫr, 75.50.Xx Carbon is one of the most versatile element in nature as demonstrated by a large variety of stable forms that include fullerenes and nanotubes with sp 2 bondings. The recent experimental discovery of freestanding graphene nanoribbons ͑GNRs͒ ͑Refs. 1 and 2͒ has generated renewed interest in pure carbon materials with exotic properties. Any new materials composed of carbon atoms are worthy of much attention from the viewpoint of both fundamental science as well as the potential application in nanotechnology devices.
Even though pristine carbon materials are nonmagnetic, presence of defects has been used to explain the occurrence of magnetism in carbon-based materials. [5] [6] [7] A recent report on the observation of ferromagnetism in graphite after proton irradiation 8 has stimulated interest in the study of edges in graphene for the investigation of magnetic properties using spin-polarized models. [9] [10] [11] All these works emphasize the importance of the presence of dangling bonds at the zigzag edges for the ferromagnetic ordering at the edge.
In this paper, supported by ab initio density-functional theory ͑DFT͒ calculations, we introduce a closed cage carbon structure formed via hybrid connection between planar hexagonal shaped graphene islands and carbon nanotubes and term it graphene "nanodrum." The structure contains six pentagonal rings at each of the graphene-nanotube junction, thereby satisfying Euler's criteria and enabling sp 2 connection for all carbon atoms. A unique feature of the structure is that it encompasses the three well known sp 2 forms of carbon, namely, fullerenes, nanotubes, and graphene into one. The structural formation is illustrated in Fig. 1 . The D 6h symmetry nanodrum cages differ from regular carbon fullerenes in that the pentagonal defect rings are always confined to the periphery and the planar region consists entirely of hexagonal rings. Therefore, by creating a "hole" in the central region of the nanodrum by removing a ring of C atoms one can study various properties of bare edges in isolation.
The theoretical calculations presented in this work have been carried out using the general gradient approximation ͑GGA͒ and the Perdew-Burke-Ernzerhof ͑PBE͒ functional within DFT with a plane-wave basis set as implemented in the Vienna ab initio simulation package ͑VASP͒. 12 The projected augmented wave potential 13, 14 is used to describe the core electrons. A kinetic-energy cutoff of 400 eV was found to be sufficient to achieve a total-energy convergence of the energies of the systems to within 1 meV. Gaussian smearing of 0.05 eV was chosen to accelerate electronic convergence. The optimization of atomic positions was allowed to proceed until the force on each atom is less than 5 meV/ Å.
The graphene nanodrum is found to be a local minimum using the DFT optimization. A 540 atom closed cage nanodrum formed by sandwiching a ͑30,0͒ nanotube segment between two 216 atom graphene islands is found to be only 0.008 eV/atom higher in energy when compared to a 540 atom fullerene. Interestingly, the highest occupied molecular orbital-lowest unoccupied molecular orbital gap for the 540 atom nanodrum ͑0.325 eV͒ is smaller than that of the 540 atom fullerene ͑0.909 eV͒. By contrast, the band gap for the infinite ͑30,0͒ nanotube is 0.71 eV. The smaller gap would allow metallicity to develop more readily on metal incorporation in the nanodrum cage than in fullerenes or nanotubes.
In order to check the high-temperature stability of the proposed nanodrum structures we have performed a detailed molecular-dynamics ͑MD͒ simulations study of melting of nanodrums consisting of 252, 384, 540, and 720 atoms. The annealing calculations were performed using the reactive potential for hydrocarbons proposed by Brenner 15 and implemented in the GULP program. 16 The simulation temperature was increased from 100 K up to 6000 K in steps of 100 K. For each temperature, that was controlled by Nose-Hoover thermostat, 17, 18 we performed MD simulations for 20 ps. The melting temperature for the nanodrums considered was found to be Ϸ4000 K. This is consistent with the melting temperatures obtained for fullerenes 19 and attests to the considerable stability of the nanodrums proposed here.
We perform an analysis of charge-and spin-density distribution in the fully optimized nanodrum with a vacancy or hole created by the removal of six C atoms forming the central ring. The structure consists of 246 atoms. In Fig. 2 , we show the charge transfer that is induced by the formation of bare edges. The local charges in the plane-wave basis set VASP code are obtained by integrating the charge density over the volume defined by spheres around each ion. In this figure, two striking features are evident. The first is that there is an accumulation of electrons at the bare edges resulting in the atoms surrounding the vacancy being negatively charged. The second feature is the positive charge accumulation at the atoms forming the pentagonal rings resulting in the development of a charge-density-wave-like ͑CDW-like͒ disturbance as one moves along a meridional curve that connects the center of the hole of the nanodrum with the center of the hexagon on the opposite side.
To investigate this effect further, we also considered a planar periodic zigzag GNR with a 302 atom cell with an identical hole created by the removal of six C atoms. We denote this structure H-GNR and perform charge analysis. Interestingly, as in the nanodrum case, we find that the bare edges surrounding the vacancy in this planar H-GNR show accumulation of excess negative charges. Negative charges are also present on both outer edges of the H-GNR. The C atoms between these two edge defects show a small positive charge distributed uniformly throughout. As a result, a CDWlike disturbance is developed as one moves from the bottom edge to the top one, passing through the center of the H-GNR hole. It can be claimed that the two systems studied, the nanodrum and the H-GNR, exhibit charge oscillations due to opposite charge accumulations developed around defects ͑or local environments͒ of different type. In particular, the pentagons and the hole constitute the pair of the defects in the nanodrum case while the edges ͑external and those of the hole͒ and the undefected structure constitute the pair in H-GNR case. The development of a CDW-like disturbance in the presence of two kinds of defects ͑or different local structures͒ appears to be a general property. Similar situation was also found in the case of the rhombohedral C 60 -based polymer in which C vacancies and 2 + 2 cycloaddition bonds were found to be the centers of opposite charge accumulations. 6 These defect-induced charge disturbances were suggested to be the underlying process for the development of magnetism in these materials. 6 Investigations of the spin-polarized states along the edge states in the nanodrum shown in Fig. 2 are carried out next. The structure is found to be a metallic cluster with localized states at the Fermi levels. These states have their origin in the dangling bonds of the C atoms forming the edge ring.
We consider six nonequivalent spin arrangements as shown schematically in Fig. 3 . For each of these configurations, we assign each bare edge C atom a magnetic moment value of 1 Bohr magneton ͑ B ͒ and perform a geometry and spin-unrestricted optimization. Although an expected rearrangement of the magnetic moments is obtained on relaxation, the edge atoms retain most of the magnetic moments, evidencing that the nanodrum with holes has significant magnetic features.
The energies per edge atom relative to the ground state for the spin arrangements in Fig. 3 and local spin moments are FIG. 1. ͑Color online͒ Figure 1 illustrates the formation of a carbon nanodrum cage. A ͑36,0͒ nanotube segment is sandwiched between two graphene flakes. Each graphene-nanotube junction region contains six pentagonal defect rings ͑shown in red͒ allowing for sp 2 bonding for all carbon atoms. Figure 2 shows the effect of charge transfer in a nanodrum with a hole induced by the bare edges and the presence of pentagonal defects. The atoms forming the edges are negatively charged while the atoms forming the pentagonal rings are positively charged. The figure on the left shows the "front" ͑surface with the edge atoms͒ view while the "back" view is shown on the right. Note that the magnitude of the positive charge on the pentagons are the same on the two sides. FIG. 3 . ͑Color online͒ Schematic representation of the six magnetic configurations studied for the nanodrum with a hole. Each state is denoted as a combination of six spins consisting of ↑ or ↓ according to the magnetization on the edges. listed in Table I . As can be seen, the six spin-polarized configurations for the nanodrums are energetically more favorable than the spin-compensated one. Although the ground state ͓Fig. 3͑c͔͒ corresponds to an antiferromagnetic spin arrangement, the ferrimagnetic arrangement ͓Fig. 3͑b͔͒ is close in energy. The energy difference between the spin arrangement in Fig. 3͑c͒ and the spin arrangement in Fig. 3͑b͒ is 0.01 eV/edge atom, a thermally accessible amount at room temperature.
FIG. 2. ͑Color online͒
For comparison we have also carried out calculations of the local spin moments for the edge atoms surrounding the vacancy in H-GNR for the spin arrangements equivalent to Fig. 3 . The results are listed in Table II. A comparison between the results in Tables I and II reveals many interesting features. An important feature to note is that the typical magnetic moments for the edge atoms in the nanodrums are almost twice that of the corresponding ones in H-GNR. Another interesting feature is that the ground state for the H-GNR corresponds to a ferromagnetic spin arrangement.
The differences in the magnetic moments of the edge atoms surrounding the vacancy in the nanodrums and the corresponding ones in H-GNR may be understood by examining the differences in their charge distributions. In the nanodrum, the pentagons are closer to the edge atoms surrounding the central hole and provide sharp "nodes" for positive charge accumulation while in the H-GNR the region between the hole and the outer edges contain no pentagons for acting as positive charge centers. Consequently, positive charge is smaller in magnitude and almost evenly distributed among the C atoms in this region. More precisely, the presence of the pentagons in the nanodrum results in a stronger charge polarization and, therefore, larger magnetic moments.
The total densities of states ͑DOS͒ for the edge C atoms for the six configurations is shown in Fig. 4 . While the spin configurations corresponding to net zero magnetic moments ͓Figs. 3͑c͒ and 3͑d͔͒ show symmetric behavior between the majority-and minority-spin channels, high degree of asymmetry is observed for all the remaining configurations. Interestingly, the latter configurations, on the average, exhibit larger band gaps for the majority-spin channels than for the minority-spin channels. This presents an exciting possibility for the creation of half-metallic behavior on application of an external electric field in a given direction that can close the band gap for one spin channel while opening the band gap for the other spin channel.
Even though two magnetic configurations shown in Figs. 3͑b͒ and 3͑c͒ are close in energy, it is the high spin state in Fig. 3͑b͒ that appears to be most interesting for any potential device applications as it could be stabilized by applying an external magnetic field, or doping with transition-metal atoms.
The spin-density analysis of the relaxed structure in Fig.  3͑b͒ is presented in Fig. 5 . As seen in the figure, any excess or deficiency in the total spin densities are not found to be distributed similarly to the charge density shown in Fig. 2 . Instead, excess spin densities appear concentrated on the C atoms at the edges. These sites thus form the core sites for the development of a magnetic phase. The appearance of ferromagnetic ordering in H-GNR is worth investigating. Note that the magnetism on the edge atoms is caused by the unsaturated sp 2 dangling bond states which give rise to quasilocalized states at the Fermi level. [20] [21] [22] [23] [24] The total magnetic moment is determined by the contribution 1 B of the localized sp 2 dangling bond state and the contribution ͑Ͻ1 B ͒ of the extended p z defect state. In the case of a single vacancy in graphene, the stabilization of vacancy defect extended states is possible due to a significant coupling between the second-nearest-neighbor atoms belonging to the same sublattice of the bipartite lattice. 20, 24 This can be seen by the formation of the covalent bond between the two carbon atoms next to the vacancy as a result of reconstruction ͑see Fig. 6 , left͒.
The local magnetism on the edge states is usually related to the manifestation of Lieb's theorem 25 on magnetism on a bipartite lattice since the vacancy may introduce an imbalance in the two sublattice populations. This property of the bipartite lattices is also exhibited by alternate molecules with conjugated bonds ͑bipartition due to different bonding even between the same atoms, e.g., hydrocarbons͒ as shown by Ovchinnikov 26 employing the more realistic framework of the valence bond method. Let us denote the number of sites on sublattice ␣ by N ␣ and those in sublattice ␤ by N ␤ . Then according to Lieb's theorem and the work of Ovchinnikov, the spin S of the ground state of a Hubbard model in a bipartite lattice satisfies the relation 2S = ͉N ␣ − N ␤ ͉. 25, 26 Therefore, when N ␣ = N ␤ , the magnetic moments on the two sublattices sum to zero and the ground state is a singlet. In the case of the nanodrum considered here, the central hole ͑or defect͒ is created by the removal of six C atoms with three each belonging to sublattices ␣ and ␤, respectively. That is, while still equal, both N ␣ and N ␤ have been reduced by 3 each due to the defect, and, as confirmed by the results presented in Table I , the ground state is a singlet.
The fact that the ground state is a singlet when N ␣ = N ␤ does not preclude the possibility of having locally nonzero magnetic moments. This is because Lieb's theorem does not impose any spatial limitations on the bipartite lattice configuration. Thus, depending on the geometry of the defect ͑e.g., the extended vacancy͒ creation of local magnetic moments can be achieved. Therefore, although the critical quantity for the development of magnetism in graphene structures is the lattice imbalance, N ␣ − N ␤ , 27 the presence of other factors such as other defects and impurities as well as the defect geometry can overcome these criteria for inducing local magnetism. In the present case, the charge accumulation on the pentagons of the nanodrum structure results in two ring positive charge distributions around the axis of the central hole containing the edge atoms. Since the pentagon ring charges are of opposite sign to that on the hole edges, this polarization leads to electric dipole moments in a way analogous to the one found to have developed in the case of a C 60 dimer with C vacancies. 6 The development of the corresponding electric field could weaken the antiferromagnetic coupling between the two sublattices and raise the energy of the singlet state relative to the ferrimagnetic/ferromagnetic states. The closeness in energy between the two magnetic configurations ͓Figs. 3͑b͒ and 3͑c͔͒ may be attributed to this mechanism. Figure 5 shows the spin density in a nanodrum with a hole. The spin distribution is highly localized at the C atoms forming the bare edge. These sites represent the core sites for the development of a magnetic phase. A further insight in the defect-induced magnetism can be obtained within the Stoner picture, according to which the magnetic ordering is driven by the exchange energy E x Ϸ M j 2 , with M j being the magnetization of the p z orbital of the jth carbon atom. 20 According to this picture, ferromagnetic ordering is the only possibility for the magnetism originating from quasilocalized states induced by defects in the same sublattice because of the nonoscillating behavior of M j within the same sublattice. Conversely, in the case of defect states in different sublattices, E x is minimized when the coupling is antiferromagnetic. 20 In the case of H-GNR and the nanodrum, the quasilocalized states on adjacent hole-edge atoms belong to different sublattices ͑see Fig. 6 , right͒. A straightforward application of the Stoner picture would, therefore, lead to the prediction of antiferromagnetic coupling between the defect states on adjacent edge atoms. It should be noted that, while in the case of the single vacancy in graphene, covalent bonds form between two of the edge atoms as a result of bond reconstruction ͑atoms A and B in Fig. 6 , left͒, no such covalent-bond formation occurs between the edge atoms in the H-GNR and the nanodrum cases ͑A-F of Fig. 6 , right͒. The adjacent edge atoms are more than 3 Å apart thus preventing the exchange energy from driving the magnetic ordering that could result in antiferromagnetic spin alignment. Magnetism in defective nanographites is also expected to be sensitive to the variations in the Fermi energy resulting from self-doping, to the presence of other defects or applied bias, and to the disorder-induced broadening. 20 In the case of the nanodrum, the presence of additional defects in the form of pentagons would further alter the spin alignment when compared to the H-GNR case. In summary, we have proposed a graphene-nanotube hybrid structure termed graphene nanodrum with distinct magnetic properties. Creation of a hexagonal hole in the graphene portion of this structure results in significant magnetic moments for the edge atoms. This structure appears to be capable of sustaining ferrimagnetic states despite exhibiting the criteria for the manifestation of Lieb's theorem against it. The charge and spin distributions obtained in our calculations for the nanodrums are in striking contrast to those in planar H-GNR. Charge oscillations found in the nanodrum are minimized in the H-GNR. But more importantly, the edge atoms in the nanodrums retain significant magnetic moments; almost twice those of the corresponding ones in H-GNRs. These results suggest that the topological defects in the nanodrums may act like blocks to keep magnetic moments from "leaking" out from the hole defects. This may have significant implications for the use of nanodrums in magnetic storage technology where the ratio, B / weight, is of paramount importance in any futuristic device applications.
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